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This paper discusses a technique to solve step response problems for lumped or distributed 
networks with the aid of a digital computer. The Rosenbrock graphical cursor technique for obtaining 
the step response from the frequency response through the inverse Laplace Transformation was 
adapted lor computer use. In addition, it was modified to increase its accuracy when used with a digital 
computer. 

The response of a series RL(1 lumped network is computed and the numerical solution is compared 
to the analytical solution. Also, a numerical solution is given for the step response of a transmission 
line possessing skin-effect metal loss and Dcbyc dielectric loss. 
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1. Introduction 

The transient properties of linear physical systems may be studied from two viewpoints, 
namely, the frequency domain and the time domain. Usually the information obtained from the 
system response to a unit step input is more directly relevant than the frequency domain response. 
However. I he mathematical analysis of such systems is usually easier to accomplish in the fre- 
quency domain. The time domain response is conveniently measured [Samulon, 1956; Oliver 1961]. 

The connection between the time and frequency domains is the Laplace transform for semi- 
infinite time functions (/(/)=(), t < 0) or the Fourier transform for time functions that exist for 
— oc < t <-fx [Gardner and Barnes, 1942: Hildebrand, 1962]. It is not usually too difficult to obtain 
the Laplace transform F(s) of a time function /'(/) . F{s) is given by 

F(s)= l X f(t)e-°<dt; (1) 

Jo 

manipulations of the transform F{s) are also straightforward. The real difficulty in this class of 
problems lies in obtaining the inverse Laplace transformation given by 

f(t)=^-( F(s)e«'ds. (2) 

Z7TJ jHr x 

Br\ is the Bromwich contour [McLachlan, 1963J from fi—joc to /3+y °c. f3 is chosen so that all the 
singularities of the integrand are on its left. 

The unit step response h{t) of a stable linear system, initially at rest, is 
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h(t)=^~. P X ^^e st ds (3) 

27TjJ- jx S 

in which A(s) is the system transfer function [Rosenbrock, 1955]. 

2. Derivation of Rosenbrock Cursor 

Rosenbrock [1955, 1959] developed a graphical technique for evaluation of (3). In an appendix 
[Rosenbrock, 1955|, he showed that h(t) may be expressed as 

i / \ 2 f x „ r .,.,-. sin {cot) . 

h(t)=—\ Re[A(ja))] -do) (4) 

77"Jw=0 CO 

or 

fc(*)=A(* = <x>)-f — Im[^Oco)] J — - dto. (5) 

7Tj 0) =o CO 

The transfer function, A is), of the linear system must satisfy the condition that there are no poles 
in the right-hand half-plane or on the imaginary axis, although a pole ofA(s)ls at the origin is permis- 
sible. The unique feature of the Rosenbrock method lies in the change of the variable of integration 
from a) to In co. Notice that 

d(o 

— = d(\nw). (6) 

Substituting (6) into (5) obtains 

2 f x 
h( t ) = h(oc)+- lm[A(jto)] cos (cot) d(lnco) (7) 

Letting 

0=cot, (8) 

(7) may be approximated by 

h(t)^h(oo)+^^l m [A(j(On)] cos (tf„)[A„(ln0)]. . (9) 



The product cos (6 n ) |_A n (ln 6)] is the incremental area under the curve of cos (0) versus In 0, in 
figure 1. With the assumption that lm\A(jco)] remains relatively constant throughout the interval 
A„(ln 0), it is approximately true that 



yhere 



or 



h(t) =-A(oo)+^y lm[A(j<On)WF n , (10) 

WF n = I "cos (0) d(lna>). (11) 

J« a 

WF n =\ % ^d6. (12) 

Equations (10) and (11) form the basis for the Rosenbrock cosine cursor. 

Rosenbrock's graphical technique consists of laying his transparent cursor over a plot of the 
imaginary part of the transfer function, Im[/4(/co)|, versus log (co) and summing up the intercepts 
of the cursor and the Im[/i(/co)] plot. The cursor is shifted over the Imf^(/co)] plot for various 
times, t. A particular position of the cursor over the imaginary part plot yields /(£i). Another posi- 
tion of the cursor yields another value of fit), i.e.,/(^); and so on. 
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Figure 1. Cos (6) versus In (6). 



3. Computer Adaption of Rosenbrock Cursor 

As a means of saving time and labor in step response problems, the authors adapted the 
Rosenbrock cursor so that modern-day digital computers may be used to solve this class of problems. 

Using the FORTRAN IV language, the subprogram ROSEBK, Appendix 1, computes (10). 
It uses the tabulated values for the Rosenbrock cosine cursor [Rosenbrock, 1955; Gooch, I960]. 
It is set up as REM, FUNCTION ROSEBK (T, AIM, HINF) where the parameters are: 7\ the 
value of time t in seconds; AIM, the name of another FUNCTION subprogram to calculate 
lm[A(jo) n )]; and HINF, the value of hit = °o). This program is adequate for well-behaved functions 
whose imaginary parts do not have rapid changes in them. In this program /V = 35. 

To take advantage of the increased accuracy available with a digital computer, the cursor 
method was expanded to employ 168 data points iN= 168). This modification consisted of breaking 
the cos (0) versus log (6) curve (fig. 1) into many segments as tabulated in table 1. 

The small and large regions respectively, (0< .01) and (6 > 6 u l), need more discussion. If 
Im[A(jo))] behaves as — aco for < < 0.01, then 



("w/=0.( 

Jo 



\m[A(jto)] 



cos((i)t)<Ia) 



fu>t=0.01 

Jo 



1 



Q) — (l(x) 
CO 



1.0 Xlm 



0.01 



(13) 



(14) 



An approximation is also necessary for the region > 31— 

Table 1. Scheme for subdividing cos (6) versus log (6) curve 



6 region 




0.01 


-» 0.01 
-*0.1 


0.1 


-*? 


TT 

3 2 


TT 

^2 


7 ! 


- 15 f 


77 


TT 

^ 31 2 


«! 


~^ U L 



Division 



1 point (approximation) 
20 equal A(lnaj) segments 

70 equal A(lnw) segments 

20 equal A(lnco) segments 

12 equal samples/period 

8 equal samples/period 

1 point 

6 U L chosen such that 
f* cos(0) , 

— ^-dd - 
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The integral f * Im[A(ja>)] ^^ dO 

Je uL 

is approximately if lm[A{jcj)] is close to or essentially constant, because cos (0) alternates 

77 

very rapidly for large when plotted on a logarithmic scale (fig. 1). For > 31— the sum of the 

positive and negative contributions tend to cancel [Gooch, I960]. The upper limit, u l, can be 
found from the cosine-integral function Ci(x) [Jahnke and Emde, 1945], 



Ci(x) 



r~ cos (g) Jn 
—\ x —e- d6 < 15 > 



sin (x) -^ i 

K -+,x>l. (16) 



7T 

Thus Bui is chosen to be the next point after 0=31 — when sin (0) = 0, i.e., 

9«l = 32|- (17) 

A computer program was written to calculate S„ and WF n , (11) or (12), using the subdivision 
scheme listed in table 1. 

The low and high approximations impose limits upon the values of time, t, at which accurate 
solutions can be obtained. The limits can be visualized by considering the graphical technique 
of placing the transparent cursor over a plot of Im[y4(ja>)] versus log co. For small t, the cursor 
will be shifted to the right. Two possible sources of error may arise. One, the function Im[^(/co)] 
to the left of the cursor may no longer be adequately approximated by a linear function of w. Second, 
there may be rapid oscillations or changes in the Im[^(/co)] curve under the cursor for large values 
of a) (see fig. 4) such that the assumption, that lm[A(ja))] is essentially a constant for each sample 
segment d{\n co) is no longer correct. 

The determination of the upper and lower limits of validity for t must be considered as a 
special case for each problem. For large values of time, t, tjie cursor will be shifted to the left. 
Errors encountered in this region will probably not be as significant as those for small t. In this 
case a significant portion of the Im[y4(/oo)] curve is to the right of the cursor. Thus the assumption 
that lm[A(j(x)j\ for 0> u l is close to or is essentially constant is no longer valid, but the cos 
curve changes sign rapidly and the large 6 summation may tend to cancel out. 

Appendix 2 contains the listing for ROSBKM subprogram for computing (10) with /V— 168. 
It is set up as REAL FUNCTION ROSBKM (7\ AIM, HINF). The parameters have the same 
definition as used in ROSEBK. 

4. Examples 

To demonstrate this technique of step response calculation and to obtain a measure of the 
accuracy involved, two examples are presented below. The first example is the current step re- 
sponse of a lumped series RLC circuit driven by a unit step voltage source. The second example 
deals with a distributed circuit and presents the original solution for the voltage step response 
of a coaxial transmission line with simple skin effect and a dielectric with Debye molecular relaxa- 
tion. To the authors' knowledge this problem has not been solved prior to the work reported here. 

RLC Series Circuit. The initial conditions are assumed to he zero. The transfer function 
is the. loop admittance 

Yls) = l + sRC + *LC - ,18) 

The analytic expression for iit) due to a unit voltage step applied at t = is 

166 



/*(/) - —e- at sin (u)„t). 
<t) n L 



/>(); 



where 



ot\=- 



R 



1L 

1 



Wo = 



(19) 

(20) 

(21) 



and 

The imaginary part of Y{jco) is 



\m\Y(j<o)\ = 



<j)n = VCOo - « 



)C 



0)0 



(22) 



(23) 



{(oRcy 



A program was written to calculate i(t) from (19) and also from the Rosenbrock cursors, N=35 
and Y 168 using (23). The results arc shown in figure 2. Only a few of the points calculated 
using the cursor are shown. The computations were made from ? = 0.0] /jls to r = 5.00/15. The 
error was computed as a percentage of the absolute maximum of /(/). (19). The average error 
using ROSEBK (iV=35) was ±5.32 percent, while the average error was ±0.0177 percent using 
ROSBKM (/V=168). 



(in rn A) 




FIGURE 2. Current step response of a series RLC circuit driven by a unit step voltage source. Initial conditions 
are zero. R— 120 (1, L= 125 /jlH., C=200 pF. Solid curve is analytic solution. Sample solutions using the 
Rosenbrock cursor are designated by an X(N= 35) and by a 0(N= 168). 

Lossy Transmission Line. This example demonstrates the application of the Rosenbrock 
cursor technique to more complicated problems. It was used to calculate the voltage step response 
of a coaxial transmission line with losses resulting from two causal material models: (1) simple 
skin effect and (2) Debye dielectric molecular relaxation. The equivalent circuit p< r unit length 
is shown in figure 3. 
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Figure 3. Equivalent circuit for transmission 
line with simple skin effect and a dielectric 
with Debye molecular relaxation.- 

The propagation function, 7(5), is defined as the geometric mean of the series impedance 
Z(s) and the shunt admittance Y(s) per meter. Consequently y(s) is given by 

^ 1/2 

A 1 \ \C7t^ S ) 
LVs) (l/r + .s) J 



y(s) = VY(s)Z(s) = y- 



(24) 



r = C,/G\ s. 

Co=C, + C 2 . F/m 



(25) 
(26) 



and 



Vi 



1 



m/s. 



(27) 



The series inductance />, shunt capacitance C, and the skin effect constant A", are defined in 
Appendix 3. The transfer function of the line is 



A( s )=e-y^ x 



(28) 



which is an exponential function with an irrational argument. The time delay of the line is given by 

~Xy(jo))l 



TD\ — lim Im 



(29) 



= X/V, 



(30) 



To improve the accuracy of the computer calculations, it was desirable to remove the time delay 
of the line by a time shift, 



T=t-TD U 
Thus a new transfer function, ^(5), must be considered. 



(31) 



Ms) = 



-j -£-.<£(») -1) 



where 



(£o_ 



£(*) = 



+ s 



1 + 



k 1 U C ' T h 
L^Js) (I/t+5) 
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1/2 



(32) 



(33) 



and 


£(a>)=i?(<u)-;V(a>). (34) 


The minus sign is used with Im[£(/ W )] so that <p(ja>) and a(ja>) are positive. Using (34). A(ja>) may 
than be split into real and imaginary parts, 


A(jco) =e-«* .[cos (a>(T,-l)^-j sin (»(,-!) ^V 


(35) 



where 



«2 = ^-^(ft>). 



(36) 



A 100-ft. hypothetical coaxial Une having a liquid dielectric was used in the numerical calcula- 
tions. The data used in the calculations is listed in table 2. A plot of transmission versus frequency 
(fig. 4) shows a sharp cutoff, low-pass filter characteristic. The imaginary part ofyf (/co),(35) was used 
in the Rosenbrock cursor and is shown in figure 5. The unit step response of the hypothetical 
line was calculated using ROSBKM (fig. 6). 



LO- 




oo rad. /sec 

FIGURE 4. Magnitude of the transfer function [A(jco)] versus frequency. Curve A is a coaxial cable with only simple skin 
effect losses. Curve B is for a cable with simple skin effect and a dielectric with Debye molecular relaxation. 

The general shape of the calculated step response (fig. 6) can be verified from physical reason- 
ing. For very high frequencies (co ^> 1/r), the shunt admittance Y(s) reduces to simply a pure 
susceptance j<aC\. Likewise for low frequencies (a) < 1/r), the shunt admittance is simply 
jo)(C\-\-C 2 \ Thus, the very high frequencies propagate at a velocity Vi, (27), while the low fre- 
quencies propagate at the slower velocity, 



V 2 = 



1 



VL(C,+C 2 ) 



(37) 



These two different propagation velocities result in a longer delay time TD 2 , (38), for the low fre- 
quencies than for the high frequencies, TD X (30). 



338-397 0-69— 8 
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Im[A(w)] 



-1.0 J 




FIGURE 5. Imaginary part of the transfer function Im [A(jw)] versus frequency for coaxial cable with simple skin effect and 

a dielectric with Debye molecular relaxation. 



1.0 -i 



E(T, 100) 
Volts 




T in nanoseconds 



FIGURE 6. Unit step response of 100 ft of theoretical coaxial transmission line with simple skin effect and a 

dielectric with Debye molecular relaxation. 

Table 2. Hypothetical coaxial transmission line data 



Line length 

Inner conductor radius 

Outer conductor radius 

Conductor conductivity 

Low frequency relative dielectric constant. 
High frequency relative dielectric constant 

Dielectric relaxation time 

Low frequency characteristic impedance... 



100 ft. 

0.204 cm 

0.710 cm 

6.30 X 10 7 mho/m 

2.24 

2.00 

29.5 ps 

50.0 11 



TD 2 






(38) 
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The difference he! ween the two time delays is 8.38 ns. Thus the initial part of the outpul (T < 8 us) 
is produced by the high frequency components of the input step, while the latter portion of the 
output (T > 9 ns) is produced predominantly by the low frequency components. Consequently, it 
follows that in comparison to a lossless line possessing a propagation velocity / \, the output wave- 
form's 50 percent delay time should be about 8 ns larger than that of the lossless line. That such 
is the case is shown in figure 6. 

It should be pointed out that the desire to solve this transmission line problem was the prime 
motivation in developing the modified Rosenbrock cursor, ROSBKM. Because an analytic solution 
to this problem was not available, the cited results were compared to those obtained by a different 
numerical technique, namely an improved Fourier Series method [Manney, 1968|. For amplitude 
values greater than 0.01 the differences were less than 0.5 percent as compared to the waveform 
maximum value of unity. For amplitudes less than 0.01 and T less than 7 ns the ROSBKM results 
departed from the zero amplitude axis. The reasons for the departure are presently being deter- 
mined [Ives, 1968|. 

The two examples shown here used analytic expressions for lm[A (/&>)]. It is also possible for 
minimum phase transmission line losses to obtain h (t) from experimentally measured transmission 
line attenuation versus frequency data. Gooch [1960|, has shown how this may be accomplished 
using the graphical Rosenbrock cursor technique. Another extension would be to read the measured 
data into a computer and to use interpolating polynomials for lm[A ijco)[ and use ROSEBKM to 
find h(t). 

5. Conclusion 

This paper has discussed the extension to digital computer computations of a tractable graph- 
ical technique for evaluating the step response of a linear physical system. Examples were included 
to demonstrate its use and accuracy. 

One of the examples presented an original solution for the step response of a coaxial line pos- 
sessing combined losses resulting from two causal material models: (1) simple skin effect and (2) 
Debye dielectric molecular relaxation. 

Finally, further extensions of the method discussed here are possible. In particular, because it 
is assumed that lm[A(ja))] remains relatively constant throughout the interval \ n (lnO) (fig. 1) 
Rosenbrock's procedure makes no use of the variation of lm[A(j(o)] within the interval. If it is 
necessary to more effectively use the data within the interval, then the variation of lm[A(ja))] 
within the interval should be expressed in terms of some approximating function. 
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APPENDIX I 



REAL FUNCTION ROSEBK ( T * A I M» HI NF ) 

THIS PROGRAM CALCULATES THE STEP RESPONSE OF A LINEAR SYSTEM. 

THE ROSENBROCK COSINE CURSOR TECHNIQUE IS USED WITH N = 35. 

T=TIME IN SECONDS. 

AIM IS THE NAME OF A FUNCTION SUBPROGRAM THAT CALCULATES THE 
IMAGINARY PART OF THE SYSTEM TRANSFER FUNCTION* IM(A(JW))» AT A 
GIVEN FREQUENCY W. W IS IN RADIANS/SECOND. 

HINF=VALUE OF TIME FUNCTION* H(T)t AT T=INFINITY. 



DIMENSION T 

DATA( THETAt 

DATA( THETA( 

DATA(THETA( 

DATA(THETA( 

DATA(THETA( 

DATA(THETA( 

DATA(THETA( 

DATA(THETA( 

DATA(THETA( 

DATA(THETA( 

DATA( THETA( 

DATA(THETA( 

DATA(THETA( 

DATA( THETA( 

DATA(THETA( 

DATA(THETA( 

DATA( THETA( 

DATA( THETA( 

DATA( THETA( 

DATA(THETA( 

DATA( THETA( 

DATA(THETA( 

DATA(THETA( 

DATA(THETA( 

DATA( THETA( 

DATA( THETA( 

DATA( THETA( 

DATA(THETA( 

DATA(THETA( 

DATA( THETAt 

DATA(THETA( 

DATA( THETA( 

DATA(THETA( 

DATA( THETA( 

DATA( THETA ( 

W=THETA( 1) / 

SUM=6.*( AIM 

DO 1 1=2*3 5 

W=THETA( I ) / 

SUM*SUM+AIM 

ROSEBK=HINF 

RETURN 

END 



HETA 
1 ) = 

2) = 

3) = 

4) = 
5 ) = 

6) = 

7) = 

8) = 

9) = 
10) = 
11 ) = 

12) = 

13) = 

14) = 

15) = 

16) = 

17) = 
13) = 

19) = 

20) = 
21 ) = 

22) = 

23) = 

24) = 
25 ) = 

26) = 

27) = 

28) = 

29) = 

30 ) = 

31 ) = 
32) = 
33 ) = 
34) = 
35 ) = 
T 

( W) /WFM 



35 















1 
1 
1 

2 

2 

2 

3 

4 

5 

6 

7 

8 

10 

12 

15 

18 

21 

25 

28 

31 

34 

37 



(W )/WFM 
+SUM/10 



) *WFM 

• 110) 
.133) 
.159) 
.191) 
.230) 
.276) 
.331) 
.398) 
.478) 
.574) 
.689) 
.828) 

• 994) 
.190) 

• 430) 
.720) 

• 070) 

• 480) 

• 980) 
.580) 

• 300) 
.130) 
.080) 

• 210) 

• 540) 

• 100) 

• 500) 

• 600) 

• 800) 

• 900) 

• 100) 

• 200) 

• 400) 
.500) 
.700 ) 

(1 )) 



( I ) 

0. 



(35) 

♦ (WFM 

♦ (WFM 

♦ ( WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 
*(WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ ( WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 
>< WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ ( WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ (WFM 

♦ ( WFM 



1) = 

2): 

3) = 

4) = 

5) = 

6) = 

7) = 
8): 
9): 



( 
( 

( 
( 
( 
( 
( 
( 
( 

( 10) = 
( 11) = 

(12) = 

(13) = 
( 14) = 
(15) = 
( 16) = 
( 17) = 
( 18 ) = 
( 19) = 
( 20) = 

(21) = 

(22) = 

(23) = 
( 24) = 
(25) = 
( 26) = 

(27): 

(28) = 
( 29) = 
( 30) = 
( 31) = 

(32) = 

(33) = 

(34) = 

(35) = 



0. 


► 086) 


0< 


► 087) 


0« 


► 087) 


0« 


► 087) 


0« 


► 088) 


o. 


► 089) 


0« 


► 091) 


0« 


► 093) 


0« 


► 097) 


0« 


► 102) 


0< 


► 111) 


0< 


.127) 


0< 


► 157) 





► 233) 





.626) 


-0 


.560) 


-0 


.180) 


-Oi 


.109) 


-0< 


.088) 


-0« 


.096) 


-o 


► 220) 


0« 


► 200) 


0< 


► 110) 





.155) 


-0< 


► 160) 


-0 


► 130) 





► 098) 


-o< 


► 123) 





► 148) 


-0 


► 173) 





► 197) 


-0 


► 222) 





► 247) 


-0 


► 271) 


0< 


► 568) 
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APPENDIX II 



REAL FUNCTION ROSBKM ( T » A I M , HI NF ) 



THIS PROGRAM CALCULATES THE STEP RESPONSE OF A LINEAR SYSTEM, 
THE ROSENBROCK COSINE CURSOR TECHNIQUE IS USFD WITH N=168. 
T=TIME IN SECONDS. 



AIM IS THE NAME OF A FUNCTION SUBPROGRAM .THAT 


CALCULATES THE 




IMAGINARY PART Or 


r THE SYSTEM TRANSFER FUNCT1 


ON, IM(A( JW) )» AT A 


GIVEN FREQUENCY W. W IS IN RADIANS/SECOND. 








HINF=VALUE OF TIME FUNCTION, H(T)f AT ' T* 


= INF1 


NITY. 




DIMENSION THETA( 168) »WF( 168) 














DATA( THETA( 


1) = 


1.0592537252E 


-2 ) 


* (WF 


[ 1 


= 


1.1512279585E 


-1 ) 


DATA( THETA( 


2) = 


1.1885022274E 


-2 ) 


>(WF 


2 


= 


1.1512112353E 


-1 ) 


DATA( THETA ( 


3) = 


1.3335214322E 


-2 ) 


» (WF 


3 


= 


1.1511901820E 


-1) 


DATA( THETA ( 


4) = 


1.4962356561E 


-2 ) 


> (WF 


4 


= 


1.1511636777E 


-1 ) 


DATA! THETA ( 


5 ) = 


1.6788040181E 


-2 ) 


► ( WF 


5 


= 


1.1511303112E 


-1) 


DATA( THETA ( 


6 ) = 


1 .88364908 Q 5E 


-2 ) i 


► (WF 


6 


= 


1.1510883055E 


-1) 


DATA! THETA ( 


7) = 


2.1134890398E 


-2 ) ! 


> ( WF 


7] 


= 


1.1510354243E 


-1 ) 


DATA( THETA ( 


8) = 


2.3713737057E 


-2 ) i 


> ( WF 


8 


= 


1 .1509688520E 


-1 ) 


DATA( THETA ( 


9) = 


2.6607250598E 


-2 ) 


> ( WF 


9 


= 


1. 1 508850442E 


-1 ) 


DATA( THETA ( 


10) = 


2.9853826190E 


-2 ) 


► (WF 


10 


= 


1 .1507795393E 


-1 ) 


DATA( THFTA ( 


11) = 


3.3496543916E 


-2 ) 


> (WF 


11 


= 


1.1506467212E 


-1 ) 


DATA( THETA ( 


12) = 


3.75837404^0E 


-2 ) 


► ( WF 


1? 


= 


1 .1504795202E 


-1 ) 


DATA( THETA ( 


13) = 


4.2169650344E 


-2 ) ! 


► (WF 


13 


=- 


U1502690383E 


-1 ) 


DATA( THETA ( 


14 ) = 


4.7315125895E 


-2 ) i 


► (WF 


14 


= 


1 .1500040755E 


-1 ) 


DATA( THETA ( 


15) = 


5.3088444424E 


— 2 ) 


► (WF 


15 


= 


1 .1496705359E 


-1 ) 


DATA( THETA ( 
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= 6.8227696271E 


-3 ) 


= 1 .621433857 7E 


-2) 


= 1 .5942935625E 


-2 ) 


- 6.5037906556E 


-3 ) 


=-6.3575094445E 


-3) 


=-1.5124749052E 


-2 ) 


-•-1.4888331517E 


-2 ) 


=-6.0796658102E 


-3) 


= 1 •0000O0OO00E 


) 


= 2.0124038192E 


-2 ) 
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Appendix III. Coaxial Line Parameter Definitions 

series inductance 



shunt capacitance 



skin effect constant 



c _.a« 



4) 



y cr lit \n r / 



In the above /x is the magnetic permeability, e the dielectric constant, a the conductor conductivity, 
and n and r the radius of the inner and outer conductors. 
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